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Flaw Characterization by Low Frequency Scattering Measurements
Abstract
In order to make a fracture mechanical prediction of the remaining lifetime of a part, it is necessary to know
the overall size, shape and orientation of the flaws in the part. This paper describes the determination of these
flaw characteristics from measurements of the scattering of low frequency (long wavelength) ultrasound from
the flaw. Experimental results are excellent.
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FLAW CHARACTERIZATION BY LOW FREQUENCY SCATTERING MEASUREMENTS 
R. K. Elsley 
Rockwell International Science Center 
Thousand Oaks, California 91360 
ABSTRACT 
In order to make_a fracture mecha~ical ~rediction of the remaining lifetime of a part, it is necessary 
t? kn?w the overall SlZe, shape and or1entat10n of the flaws in the part. This paper de·scribes the deter-
m1nat1on of these flaw characteristics from measurements of the scattering of low frequency (long wave-
length) ultrasound from the flaw. Experimental results are excellent. 
The goal of this work is to determine fracture 
related parameters fran low frequency ultrasonic 
measurements. Figure 1 outlines this goal. The 
measurements (Fig. 2) were made on manufactured 
ellipsoidal flaws in Ti-6Al-4V; scattered 
waveforms were recorded and digitally processed. 
A pulse of low frequency (long wavelength) 
ultrasound is physically long and therefore 
provides poor resolution of nearby scatterers 
(Fig. 3). To achieve good resolutions, a short 
broadband pulse of high frequency (5 MHz) 
ultrasound was used. Low frequency data was 
obtained from the low frequency components of this 
DIRECT MEASUREMENT OF STRESS INTENSITY FACTORS 
ACHIEVING A FRACTURE MECHANICS BASED STRUCTURAL DESIGN PROGRAM 
REQUIRES THAT FLAWS BE DETECTED AND SIZED WITH THE G.1EATEST POSSIBLE 
RELIABILITY. AS THE ACCURACY OF THIS FlAW SIZINC. INCP:ASC.::, SYSTEM 
COSTS ARE REDUCED BY PREVENTING THROWAWAY UF GOOJ PART.;. 
AN IMPORTANT STEP TOWARD THIS GOAL IS THE DIRECT MEASUREMENT OF THE 
STRESS INTENSITY FACTOR OF A FLAW. THIS PAPER DESCRIBES THE MEASUREMENT 
OF FlAW SIZE, SHAPE, ORIENTATION AND THEREBY, STRESS INTENSITY FACTOR 
USING THE TECHNIQUE OF LOW FREQUENCY SCATTERING. IN THEORETICAL PAPERS. 
RICHARDSON HAS PRESENTED THE TECHNIQUE FOR DETERMINING FLAW PARAMETERS 
AND RICE HAS DESCRIBED FOR ELLIPTICAL CRACKS. THE SUBSEQUENT DETERMINA-
TION OF THE MAXIMUM STRESS INTENSITY FACTOR. 
THE ADVANTAGES OF USING LOW FREQUENCY (LONG WAVELENGTH) UL TRASDUND 
FDA THESE MEASUREMENTS ARE 
1. AN EXACT THEORY IS AVAILABLE TO RELATE FLAW PROPERTIES TO SCATTERED 
FIELDS 
2. THE MEASUREMENTS ARE SENSITIVE ONLY TO THE OVERAll PROPERTIES OF 
THE FlAW. NOT TO SMALL TEXTURAL DETAILS 
3. ATTENUATION AND GRAIN SCATTERING ARE USUALLY SMALLER AT LOW 
FREQUENCIES 
4. ONLY ONE NUMBER NEEDS TO BE MEASURED FROM EACH ULTRASOUND WAVEFORM 
THE CHIEF DISADVANTAGES OF THIS TECHNIQUE ARE THE LARGE VOLUME OCCUPIED 
BY A LONG WAVELENGTH PULSE. THE SMALL AMPLITUDE OF LOW FREQUENCY 
SCATTERING. AND THE DIFFRACTION OF lOW FREQUENCY SOUND OUT OF A WELL 
COLLIMATED BEAM. THIS PAPER PRESENTS THE EXPERIMENTAL TECHNIQUES DEVELOPED 
TO OVERCOME THESE PROBLEMS IN THE FIRST DEMONSTRATION OF THIS APPROACH. 
Fig. 1 The goal is to determine fracture related 
parameters from low frequency ultrasonic 
measurements. 
400 
pulse. Low frequency sound diffracts in all 
directions from a transducer, producing unwanted 
sound paths in pitch-catch measurements 
(Fig. 4). To overcome this, a wavefonn recorded 
in a flaw free reqion can be substracted 
(Fig. 5). After frequency analysis and removal of 
the properties of. the transducer, the 1 owest order 
coefficient A2 (proportional to frequency squared) 
of the frequency spectrum is determined. The set 
of A2 coefficients from a ·number of directions are 
ccmb1 ned with theory to estimate flaw parameters 
(Fig. 6). Figure 7 shows the results. The 
estimated flaw parameters agree very well with the 
true values. 
MEASUREMENTS 
MEASUREMENTS WERE PERFORMED USING A CONVENTIONAL 
TRANSDUCER AND ULTRASONIC PULSER. THE FLAWS ARE SMALL 
VOIDS IN THE FORM OF ELLIPSOIDS OF REVOLUTION, BUlL TIN THE 
CENTER OF SPHERES OF Ti·6AI -4V. 
THE R.F. WAVEFORMS (PULSE-ECHO OR PITCH-CATCH) ARE DIGITIZED 
AND THEN PROCESSED IN A MINICOMPUTER 
Fig. 2 Measurenents were made on manufactured 
ellipsoidal flaws in Ti-6Al-4V; scattered 
wayeforms ~ere recorded and digitally 
processed. 
WHAT TYPE OF TRANSDUCER 
IN ADDITION TO THE ECHO FROM THE FLAW, THERE ARE USUALLY ECHOS FROM 
NEARBY SURFACES AND PERHAPS OTHER FLAWS, AS SHOWN ABOVE RIGHT. 
IF THE LOW FREQUENCY ULTRASOUND IS GENERATED BY A LOW FREQUENCY 
(LONG WAVELENGTH) TRANSDUCER. THEN THE PULSE OF ULTRASOUND WILL BE 
SO LONG THAT OTHER, LARGER, ECHOSWILL OVERLAP THE FLAW ECHO AND 
MAKE IT UNDETECTABLE. THIS IS SHOWN AT RIGHT. 
HOWEVER, A HIGH FREQUENCY BROADBAND PULSE (LOWER RIGHT) IS SHORTER, 
WHILE STILL CONTAINING SOME LOW FREQUENCY ENERGY. THEREFORE, IN 
ORDER TO MAKE LOW FREQUENCY MEASUREMENTS IN THE 0.5- 1.0 MHz, WE 
HAVE USED A 5 MHz BROADBAND TRANSDUCER. 
Fig. 3 To achieve good resolutions, a short 
broadband pulse of high frequency (5 MHz) 
ultrasound was used. Low frequency data 
was obtained from the low frequency 
components of this pulse. 
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UNWANTED SOUND PATHS 
LOW FREQUENCY ULTRASOUND SPREADS OUT IN A BROAD BEAM FROM A 
TRANSDUCER RATHER THAN FORMING A NARROW BEAM AS IT DOES AT 
HIGHER FREQUENCIES. FOR PITCH-CATCH MEASUREMENTS, UNWANTED 
"DIRECT BEAM" PATHS CAN EXIST BETWEEN TRANSMITTER AND 
RECEIVER. 
FOR THE "TRAILER HITCH" GEOMETRY USED IN THESE EXPERIMENTS 
(FIGURE a), BOTH LONGITUDINAL (2) AND SHEAR (31 DIRECT BEAMS CAN 
ARRIVE SHORTLY BEFORE OR DURING THE FLAW SIGNAL. 
FOR THE FLAT-SURFACE GEOMETRY (FIGURE b), THERE IS A CORRESPONDING 
FRONT SURFACE DIRECT BEAM (2). 
FOR PULSE ECHO MEASUREMENTS, THE PROBLEM IS SIMILAR, WITH THE 
DIRECT BEAM REPLACED BY THE MAIN BANG.(a) OR FRONT SURFACE (b) 
ECHOS. 
A SOLUTION TO THIS PROBLEM IS TO SUBTRACT FROM THE FLAW WAVEFORM 
A WAVEFORM FROM A FLAW-FREE REGION OF THE SAME GEOMETRY. BECAUSE 
WE ARE INTERESTED IN LOW FREQUENCIES, SMALL POSITIONING ERRORS 
AND GEOMETRY DISSIMILARITIES BETWEEN THE TWO WAVEFORMS ARE NOT 
A PROBLEM. 
Fig. 4 Low frequency sound diffracts in all 
directions from a transducer, producing 
unwanted sound paths in pitch-catch 
me as ur erne n t s. 
WAVEFORM PROCESSING 
AT LOW FREQUENCIES, THE SCATTERING IN A GIVEN DIRECTION IS 
DESCRIBED BY 1 NUMB!:R, THE COEFFICIENT A(2) OF FREQUENCY 
SQUARED: 
S(f) = A(2) t2 
WAVEFORMS FROM SEVERAL DIRECTIONS ARE RECORDED. EACH 
IS PROCESSED AS SHOWN AT RIGHT: 
1. (OPTIONAL) SUBTRACT A FLAW-FREE WAVEFORM IN ORDER 
TO REMOVE REMNANTS OF EARLIER SIGNALS AND UNWANTED 
SOUND PATHS. 
2. FREQUENCY ANALYZE (BY FFT) 
3. REMOVE THE PROPERTIES OF THE TRANSDUCER BY DIVIDING 
OUT ITS SPECTRUM 
4. ESTIMATE A(2) 
Fig. 5 After correcting for background and 
transducer effects, the lowest order 
coefficient A2 (proportional to frequency 
squared) of tfie frequency spectrum is 
detennined. 
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DETERMINING FLAW PARAMETERS 
ESTIMATE 
FLAW 
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EXACT THEORY 
CALCULATION 
I 
PROCESSING EACH WAVEFORM 
FLAW-FREE 
WAVEFORM 
TRANSDUCER 
SPECTRUM 
A SET OF A(2) COEFFICIENTS MEASURED AT A VARIETY OF ANGLES 
AROUND THE FLAW ARE COMPARED TO THEORY CALCULATIONS IN 
ORDER TO ITERATIVELY ARRIVE AT BEST ESTIMATES OF THE FLAW 
SIZE, SHAPE AND ORIENTATION. 
Fig. 6 
402 
The set of A2 coefficients from a number 
of directions are combined with theory to 
estimate flaw parameters. 
RESULTS 
ESTIMATED VALUES OF THE SIZE AND ORIENTATION OF AN ELLIPSOIDAL 
VOID Of MAJOR DIAMETER 0.08 CM (0.0321~J.) ARE SHOWN AT RIGHT. 
a, b, cARE THE SEMI·AXES OF THE ELLIPSOID; ~X IS A DIRECTION COSINE 
MEASURING THE ORIENTATION. 
THE RESULTS ARE REMARKABLY GOOD. 
FROM THESE FLOW PARAMETERS, THE STRESS INTENSITY FACTOR k1 CAN 
BE CALCULATED. AGAIN, AGREEMENT IS VERY GOOD. 
TRUE STANDARD DEVIATION 
QUANTITY VALUE ESTIMATE ESTIMATE 
SIZE' 
a, b 0.04CM 0.03947 0.0168 
c 0.02 CM 0.01999 0.0608 
ORIENTATION' 
>x 0 ·1.24X 1o-S 0.1120 
STRESS INTENSITY' 
kt 
Fig. 7 
0.354 0.352 0.008 
Results: The estimated flaw parameters 
agree very well with the true values. 
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